In this paper, the efficacy of magnetorheological (MR) dampers for seismic response reduction is examined. To investigate the performance of the MR damper, a series of experiments was conducted in which the MR damper is used in conjunction with a recently developed clipped-optimal control strategy to control a three story test structure subjected to a one-dimensional ground excitation. The ability of the MR damper to reduce both peak responses, in a series of earthquake tests, and rms responses, in a series of broadband excitation tests is shown. Additionally, because semi-active control systems are nonlinear, a variety of disturbance amplitudes are considered to investigate the performance of this control sytstems over a variety of loading conditions. For each case, the results for three clipped-optimal control designs are presented and compared to the performance of two passive systems. The results indicate that the MR damper is quite effective for structural response reduction over a wide class of seismic excitations.
Introduction
In the last three decades or so, there has been a great deal of interest in the use of control systems to mitigate the effects of dynamic environmental hazards such as earthquakes and strong winds on civil engineering structures. A variety of control systems have been considered for these applications that can be classified as either passive, active, semi-active, or hybrid (combinations of the previous types). Passive control systems, such as viscoelastic dampers, tuned mass dampers, frictional dampers, tuned liquid dampers, and base-isolation systems, were developed as a means of augmenting the damping in a structure [30] . Passive systems impart forces on the structure by reacting to the localized motion of the structure, primarily acting to dissipate the vibratory energy in the structural system. These systems are now widely accepted as a viable means of reducing the responses of a structure. However, passive systems are limited because they cannot adapt to varying loading conditions. Thus, passive systems may perform well in subjected to the loading conditions for which they were designed, but may not be effective in other situations.
To develop a more versatile alternative, the concept of active control was introduced by Yao in 1972 [38] . Active control systems operate by using external energy supplied by actuators to impart forces on the structure, generally depending on a sizeable power supply. The appropriate control action is typically determined based on measurements of the structural responses and/or the disturbance. Because the control forces are not entirely dependent on the local motion of the structure (although there is some dependence on the local response due to the effects of controlstructure interaction), the control systems are considerably more flexible in their ability to reduce the structural responses for a wide variety of loading conditions. Extensive research has been 1 
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done on active structural control [16] [17] [18] [19] [20] [21] [22] [23] 29] , and these systems have been installed in over twenty commercial buildings and more than ten bridges (during construction) [16, 23] . However, there are still a number of questions that must be addressed before this technology is widely accepted, including questions of stability, cost effectiveness, reliability, power requirements, etc. For instance, active systems have the ability to input mechanical energy into the structural system, making them capable of generating instabilities due to unmodeled dynamics and nonlinearities, or equipment failure (e.g., power source, sensors, control hardware/software, etc.). Additionally, the need for sizeable power supplies and large control forces may make them quite costly to install and maintain.
Semi-active systems offer another alternative in structural control. A variety of semi-active control devices have been proposed, including variable orifice dampers, variable friction devices, adjustable tuned liquid dampers, and controllable fluid dampers. These systems have attracted much attention recently because they possess the adaptability of active control systems, yet are intrinsically stable and operate using very low power. Typically, a semi-active control device is defined as one that cannot increase the mechanical energy in the controlled system (i.e., including both the structure and the device), but has properties that can be dynamically varied. Because these devices are adaptable, they are expected to be quite effective for structural response reduction over a wide range of loading conditions. Additionally, semi-active control devices do not require large power sources such as those associated with active control systems, making them quite attractive for seismic applications. Moreover, semi-active devices are inherently stable (in a bounded input -bounded output sense), which makes it possible to implement high authority control strategies which, in practice, may result in performances that can surpass that of comparable active systems.
One semi-active device that appears to be particularly promising for seismic protection is the magnetorheological (MR) damper [4, 5, [11] [12] [13] [14] [15] [32] [33] [34] . MR dampers use MR fluids to produce controllable dampers. MR fluids are the magnetic analogs of electrorheological (ER) fluids [17, 18, 25, 27, 28, 36] , and like ER fluids, the essential characteristic of the MR fluids is their ability to reversibly change from a free-flowing, linear viscous fluid to a semi-solid in milliseconds when exposed to a magnetic field (or in the case of ER fluids, an electric field). A typical MR fluid consists of 20-40% by volume of relatively pure, soft iron particles, e.g. carbonyl iron, suspended in an appropriate carrier liquid such as mineral oil, synthetic oil, water or a glycol. Particle diameter is typically 3 to 5 microns. A variety of proprietary additives similar to those found in commercial lubricants are commonly added that discourage gravitational settling and promote particle suspension, enhance lubricity, modify viscosity, and inhibit wear. The ultimate strength of a MR fluid depends on the square of the saturation magnetization of the suspended particle [3, 5, 19, 20] , and the key to a strong MR fluid is to choose a particle with a large saturation magnetization. Pure iron particles, the best practical choice, have a saturation magnetization of 2.15 Tesla [5] and MR fluids made from iron particles exhibit a yield strength of 50-100 kPa for an applied magnetic field of 150-250 kA/m.
Although the characteristics of MR and ER fluids are similar in some respects, devices which are based on MR fluids appear to have a number of advantages, making them extremely promising for civil engineering applications [1, 2] . For example, the achievable yield stress of MR fluids is an order of magnitude greater than its ER counterpart, making it possible to develop devices which are capable of generating larger forces. Additionally, MR fluids are not highly sensitive to contaminants or impurities such as are commonly encountered during manufacture and usage. Further, because the magnetic polarization mechanism is not affected by the surface chemistry of surfactants and additives, it is relatively straightforward to stabilize MR fluids against particle-liquid separation in spite of the large density mismatch. Antiwear and lubricity additives can also be included in the formulation without affecting strength and power requirements. Devices employing the MR fluid can be controlled with a low power (e.g., less than 50 watts), low voltage (e.g., 12-24V), current-driven power supply outputting only ~1-2 amps, which could be readily supplied by batteries. MR fluids have been used to develop semi-active control devices for a variety of applications, including braking devices in exercise equipment, and actuators in vehicular seat suspension systems [1] [2] [3] [4] . MR fluid technology appears to be scalable to the size required for seismic control applications. To demonstrate the feasibility of producing forces required for fullscale structures, Lord Corporation has recently designed and built a 20-ton MR damper. Testing on the full-scale MR damper is currently underway at the University of Notre Dame [4, 5] .
Because MR dampers are intrinsically nonlinear, one of the challenges is to develop appropriate control algorithms to take advantage of the unique characteristics of the device. Various approaches have been proposed in the literature for the control of semi-active systems (see, for example, refs. [12, 13, 24, 25, 28] ). To be implementable, the algorithms must use readily available measurements, such as accelerations, in determining the control action. Previously, a number of active control experiments have been conducted to demonstrate the efficacy of acceleration feedback control strategies based on /LQG techniques [7, 9, 10, 13] . For semi-actively controlled structures, Dyke et al. [11] [12] [13] [14] [15] have extended these results to develop a clipped-optimal control strategy based on acceleration feedback, and shown the effectiveness of this approach.
The focus of this paper is to experimentally demonstrate the ability of the MR damper to reduce structural responses over a wide range of loading conditions. Following a description of the experimental setup, the procedure used to identify a model of the integrated MR damper/structure is described. A clipped-optimal control algorithm recently developed for use with the MR damper [11] [12] [13] [14] [15] , is then discussed. In the experiments, the ability of the system to reduce both the peak responses, in the case of the earthquake excitation, and rms response, in the case of the broadband excitation, is studied. Due to the intrinsic nonlinear behavior of the MR damper, the performance of the control system will vary with the magnitude of the disturbance. Thus, the amplitude of the disturbance was also varied in the tests. The performance of the semi-actively controlled structure is compared to that of two cases in which the MR damper is used in a passive mode, designated passive-off and passive-on. The results reported herein indicate that this semiactive control system is quite effective for seismic response reduction over a wide range of seismic excitations. Figure 1 is a diagram of the semi-actively controlled, three-story, model building at the Structural Dynamics and Control/Earthquake Engineering Laboratory at the University of Notre Dame (http://www.nd.edu/~quake/). The test structure used in this experiment is designed to be a scale model of the prototype building discussed in Chung, et al. [6] and is subjected to a onedimensional ground motion. The building frame is constructed of steel, with a height of 158 cm. The floor masses of the model weigh a total of 227 kg, distributed evenly between the three floors. The time scale factor is 0.2, making the natural frequencies of the model approximately five times those of the prototype. More information on this test structure is available in [35] .
Experimental Setup
In this experiment, a single magnetorheological (MR) damper is installed between the ground and the first floor, as shown in Fig. 1 . The MR damper employed here is a prototype device, shown schematically in Fig. 2 obtained from the Lord Corporation for testing and evaluation [33] (see also http:// www.mrfluid.com). The damper is 21.5 cm long in its extended position and has a cm stroke. The main cylinder is 3.8 cm in diameter and houses the piston, the magnetic circuit, an accumulator and 50 ml of MR fluid. The magnetic field produced in the device is generated by a small electromagnet in the piston head. The current for the electromagnet is supplied by a linear current driver which generates a current that is proportional to the applied voltage. The peak power required is less than 10 watts. The system, including the damper and the current driver, has a response time of typically less than 10 msec.
A nu,mber of sensors are installed in the model building for use in determining the control action. Accelerometers located on each of the three floors provide measurements the absolute accelerations,
, an LVDT (linear variable differential transformer) measures the displacement of the MR damper, and a force transducer is placed in series with the MR damper to measure the control force being applied to the structure. Note that only these five measurements are used in the control algorithm. However, to evaluate the performance of the control strategies, LVDTs are attached to the base and to each floor of the structure to measure the relative displacements of the structure.
Implementation of the discrete controller was performed using the Spectrum Signal Processing Real-Time Digital Signal Processor (DSP) System. A discussion of the specific capabilities of this board which make it suitable for use in structural control systems is provided in Quast, et al. [37] . 
System Identification
One of the most important and challenging tasks in control synthesis and analysis is the development of an accurate mathematical model of the structural system under consideration, including both the structure and the associated control devices. The approach to system identification of semi-actively controlled structures outlined in [32] is employed. In this approach, the problem is simplified by decoupling the identification of the nonlinear semi-active device from that of the primary structure. If the semi-active controller is assumed to be adequate to keep the response of the primary structure in the linear range, then standard linear system identification techniques can be used to develop a model for the primary structure. Nonlinear identification means must still be employed to identify the semi-active control device. Additionally, this approach is attractive because the identification of the semi-active system requires only measurements which are available for controlling the responses of the structure.
The approach consists of four steps: (i) modeling and identification of the semi-active control device, (ii) identification of a model of the primary structure, (iii) integration and optimization of the device and structural models, and (iv) validation of the integrated model of the system. These steps are briefly described in the subsequent sections.
Modeling and Identification of the MR Damper
The first step in the identification process is to develop an input/output model for the MR damper. The simple mechanical idealization of the MR damper depicted in Fig. 3 has been shown to accurately predict the behavior of a prototype MR damper over a broad range of inputs [31, 33] . The equations governing the force predicted by this model are given by Bouc-Wen
where is an evolutionary variable that accounts for the history dependence of the response. The model parameters depend on the voltage to the current driver as follows
where is given as the output of the first-order filter
Eq. (5) is necessary to model the dynamics involved in reaching rheological equilibrium and in driving the electromagnet in the MR damper [31, 33] . A nominal set of parameters was obtained based on the response of the MR damper in a series of displacement-controlled tests. A hydraulic actuator was employed to drive the MR damper, and the displacement and force generated in the MR damper were measured, as described in [31, 33] . A typical response of the MR damper for a sinusoidal input in shown in Fig. 4 . A least-squares output-error method was employed in conjunction with a constrained nonlinear optimization to obtain the 14 model parameters in Eqs. (1) (2) (3) (4) (5) . The optimization was performed using the sequential quadratic programming algorithm available in MATLAB [26] . A representative comparison of the response predicted by this model and the experimentally measured response for the MR damper is shown in Fig. 4 . The resulting parameters were used to initialize the identification of the integrated system model, presented subsequently. 
Identification of the Primary Structure
The next step in identifying a model of the integrated system is to develop an input/output model of the structure. Because the structure itself is assumed to remain in the linear region, the frequency domain approach to linear system identification discussed in Dyke, et al. [7, 9, 10, 13] and Spencer and Dyke [32] is used to identify a mathematical model of the test structure.
A block diagram of the structural system to be identified is shown in Fig. 5 . There are two inputs to the structural system, including the ground excitation and the applied control force . The four measured system outputs are the displacement of the structure at the attachment point of the MR damper, and the absolute accelerations, , , , of the three floors of the test structure (i.e.,
). Thus, a transfer function matrix must be identified to describe the characteristics of the system in Fig. 5 .
The first step in the identification of the structure is to experimentally determine the transfer functions from each of the system inputs to each of the outputs. The eight transfer functions are determined by independently exciting each of the inputs of the structure with a random input and measuring the structural responses. The transfer functions from the ground acceleration to each of the measured responses were obtained by exciting the structure with a band-limited white noise ground acceleration (0-50 Hz). During this test, the MR damper is not connected to the structure, thus making
. Similarly, the experimental transfer functions from the applied control force to each of the measured outputs are determined. To this end, the MR damper is replaced with a hydraulic actuator to apply a band-limited white noise (0-50 Hz) force to the structure while the base of the structure is held fixed. The force transducer, mentioned previously, is placed in series with the hydraulic actuator to directly measure the applied force. A representative transfer function from the ground acceleration to the third floor absolute acceleration is shown in Figure 6 . This transfer function was obtained using twenty averages. The three distinct, lightly-damped peaks occurring at 5.88, 17.5, and 28.3 Hz correspond to the first three modes of the structural system.
Once the experimental transfer functions have been obtained, the next step in the system identification procedure is to model each transfer function as a ratio of two polynomials in the Laplace variable s. This task is accomplished via a least squares fit of the ratio polynomials, evaluated on the axis, to the experimentally obtained transfer functions. For this structure, the decision was made to focus control efforts on reducing the structural responses in the first three modes. Thus, the model is required to be accurate below 35 Hz. Six poles are necessary to model the input/output behavior of each of the transfer functions in the frequency range of interest. The system is then assembled in state space form using the analytical representation of the transfer functions (i.e., the poles, zeros and gain). Because all of the transfer functions required six states, the combined system has a total of twelve poles. A model reduction is performed to achieve a minimal realization of the system; thus, the twelve state system was reduced to a six state system, resulting in a reduced-order model of the form (6) where v represents the measurement noise vector.
A representative comparison of the reduced-order model to the experimental transfer functions is shown in Fig. 6 . Additional details regarding this frequency domain identification approach can be found in Dyke, et al. [7] [8] [9] [10] 13] .
Development of an Integrated System Model
The next step in identifying a model of the integrated structural system is to optimize the set of parameters for the MR damper model (Eqs. 1-5) for the case when it is installed in the test structure, and combine the models of the device and structure to form the integrated system model (shown in Fig. 7 ). Updating the parameters of the MR damper model is necessary because the MR damper may function at a different operating point when installed in the test structure than in the initial tests in which the damper was driven with a hydraulic actuator [32] . To update the parameters of the MR damper model, a series of tests was conducted to measure the response of the structure with the MR damper in place in the test structure (see Fig. 1 ). In these tests, the structure was excited at the base, while various voltages were applied to the current driver of the MR damper. The recorded system responses included the force generated in the MR damper, absolute accelerations of each floor, displacement of the floors of the structure, displacement of the base, and displacement of the three floors of the structure. Optimized parameters were determined to fit the generalized model of the MR damper to the experimental data. The resulting parameters are: = 8 N sec/cm, = 6 N sec/cm/V, = 50 N/cm, = 290 N sec/cm, = 5N sec/cm/V, = 12 N/cm, = 14.3 cm, =100, = 450 V -1 , = 363 cm -2 , = 363 cm -2 , = 301, = 2, = 190 sec -1 . The integrated system model is then formed by connecting the models of the MR damper (Eqs. 1-5) and structure (Eq. 6) as shown in Fig. 7 . Verification of this integrated system model is provided in the following section.
Experimental Validation of the Integrated System Model
To verify that the identified model is adequate for control synthesis and analysis, the predicted response and experimental response were compared in one controlled case (Controller A as described in the following section). A representative comparison of the experimental and predicted responses for the relative displacement and absolute acceleration of the third floor is shown in Fig. 8 for a broadband excitation (0-20 Hz) with an rms ground acceleration of 0.20 g. Good agreement is obtained.
Clipped-Optimal Control Algorithm
One of the main challenges in semi-active control is the development of an appropriate control algorithm that can take advantage of the features of the control device to produce an effective control system. An important requirement of the control algorithm is that it be implementable in full-scale applications. To be implementable, the algorithm should use available measurements, such as accelerations, in determining the control action. Dyke, et al. [11, 12] have proposed a clipped-optimal control strategy based on acceleration feedback for the MR damper. Analytical studies demonstrated that the MR damper, used in conjunction with the clipped optimal control algorithm, was effective for controlling a multi-story structure with a single MR damper. In this 
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Model section, the approach to the design of the clipped-optimal controller is provided. The discussion of the control algorithm considers the general case in which there are multiple devices present to control the structure, although in this experiment only a single MR damper is employed. In the clipped-optimal controller, the approach is to append n force feedback loops to induce each MR damper to produce approximately a desired control force. The desired control force of the ith MR damper is denoted . A linear optimal controller is designed that calculates a vector of desired control forces, , based on the measured structural response vector and the measured control force vector , i.e., (7) where { } is the Laplace transform. Although the controller can be obtained from a variety of synthesis methods, /LQG strategies are advocated herein because of the stochastic nature of earthquake ground motions and because of their successful application in other civil engineering structural control applications [7, 9, 10, 13] . Third Floor Relative Displacement (cm)
To discuss the algorithm used for determining the control action, consider the ith MR damper used to control the structure. Because the response of the MR damper is dependent on the relative structural displacements and velocities at the point of attachment of the MR damper, the force generated by the MR damper cannot be commanded; only the voltage applied to the current driver of the ith MR damper can be directly controlled. To induce the MR damper to generate approximately the corresponding desired optimal control force , the command signal is selected as follows. When the ith MR damper is providing the desired optimal force (i.e., ), the voltage applied to the damper should remain at the present level. If the magnitude of the force produced by the damper is smaller than the magnitude of the desired optimal force and the two forces have the same sign, the voltage applied to the current driver is increased to the maximum level so as to increase the force produced by the damper to match the desired control force. Otherwise, the commanded voltage is set to zero. The algorithm for selecting the command signal for the ith MR damper is graphically represented in Fig. 9 and can be concisely stated as (8) where is the voltage to the current driver associated with saturation of the MR effect in the tested device, and ( ) is the Heaviside step function. A block diagram of this semi-active control system is shown in Fig. 10 . In the block diagram, the dependence of the MR damper forces on the structural responses is indicated by the link feeding back the vectors and , which contain the relative structural displacements and velocities at the attachment points of the MR damper. For instance, if three MR dampers were rigidly attached between the first three floors of a structure, this vector would be . One of the attractive features of this control strategy is that the feedback for the controller is based on readily obtainable acceleration measurements, thus making them quite implementable. In addition, the proposed control design does not require a model for the MR damper, although the model of the damper is important to system analysis. 
Experimental Results
To evaluate the performance of the semi-active control system employing the MR damper, eight controllers with various performance objectives were designed based on the identified model of the integrated structure/MR damper system and implemented in the laboratory. The results of three semi-active control designs, denoted A-C, are presented herein. Controller A was designed by placing a high weighting on the third floor relative displacement. Controllers B, and C were designed by placing a low and high weighting, respectively, on the third floor acceleration. In the results, is the displacement of the th floor relative to the ground, is the interstory drift (i.e., ), is the absolute acceleration of the th floor, and is the measured control force.
In addition to the results for semi-active controllers, two passive cases are considered. Passive-off and passive-on refer to the cases in which the voltage to the MR damper is held at a constant value of and Volts, respectively. The uncontrolled response refers to the case in which the MR damper is not attached to the structure.
Two types of experiments were conducted to evaluate the performance of the control designs. In the first set of tests, the three story model structure was subjected to a scaled 1940 El Centro earthquake and the peak values of the measured responses were determined. In these tests, the earthquake was reproduced at five times the recorded speed to satisfy the similitude relations. In the second set of tests, the three story model structure was subjected to a 200 second broadband signal (0-20 Hz) and rms values of the measured responses were calculated.
Because the MR damper is a nonlinear device, its performance will vary for different excitation levels. Thus, the earthquake tests were performed at two different excitation amplitudes (80% and 120% of the recorded El Centro earthquake) and the broadband tests were conducted at three different input amplitudes including excitations with rms values of 0.06 g (low), 0.13 g (medium), and 0.20 g (high).
Because in some cases the excitation levels used in the passive and controlled tests were quite large for the test structure, exciting the uncontrolled structure with the same excitation could have 
been destructive. Therefore, the uncontrolled results presented herein were obtained by using an excitation with 50% of that used in the controlled tests, and then scaling the uncontrolled structural responses up to represent the response of the structure to the full excitation. Thus the uncontrolled results represent the response of the structure if it were to remain linear throughout the tests.
The experimental results are summarized in the following sections. Table 1 summarizes the results of the high and low amplitude El Centro earthquake excitation tests. Notice that both the passive-off and passive-on systems are able to achieve a reasonable level of performance at high and low excitation levels. Because the MR damper is capable of generating larger damping forces in the passive-on case than in the passive-off case, one might predict that the passive-on system would achieve larger reductions in the responses. However, from the results it is shown that a number of the responses of the passive-on system are actually larger than those of the passive-off system. For instance, in the low amplitude tests, the third floor displacement, maximum interstory displacement, and maximum floor acceleration of the passive-on system are 11.3%, 10.9% and 19.0% larger, respectively, than the responses of the passive-off system. In the high amplitude tests, the passive-on controller performs better than the passive-off Table 1 show that all of the semi-active control systems perform significantly better that the passive systems. In the high amplitude tests, Controller A achieves a 24.3% reduction in the peak third floor displacement and a 29.1% reduction in the maximum interstory displacement over the best passive responses. Furthermore, these reductions were obtained while achieving a modest reduction in the maximum acceleration. Additional reduction in the peak third floor relative displacement over the best passive case is achieved with Controller C (33.3%), although with an increase in the maximum acceleration. Notice that for all of the semiactively controlled systems, these performance gains are achieved while requiring significantly smaller control forces than are required in the passive-on case.
El Centro Earthquake Results
At low excitation amplitudes, the performance of the semi-active controllers is still superior to that of the passive controllers, although not to as great an extent. The third floor relative displacement, maximum interstory displacement, and maximum absolute acceleration are reduced over the best passive case by 11.3%, 27.8%, and 3.6%, respectively, with Controller A. Again, additional reduction in the third floor relative displacement is achieved with Controllers B (20%), and C (23.3%), although the maximum acceleration response is increased in these cases. Figure 11 shows the uncontrolled and semi-actively controlled (using Controller A) responses for the tested structure. The effectiveness of the proposed control strategy is clearly seen, with peak third floor displacement being reduced by 74.5% and the peak third floor acceleration being reduced by 47.6% over the uncontrolled responses. 
Random Excitation Results
The rms values of the structural responses in the random excitation test are provided in Table  2 . Here, the passive systems are able to achieve reasonable reduction in the structural responses at all excitation levels. In the high amplitude tests, most of the rms responses of the passive-on system are better than those of the passive-off system. However, at lower excitation levels, the rms responses of the passive-on system are often larger than. those of the passive-off system. For instance, in both the low and medium amplitude tests, the maximum rms acceleration is larger in the passive-on case than in the passive-off case. Additionally, in the low amplitude test, the maximum interstory displacement is 25% larger in the passive-on case than in the passive-off case. This demonstrates that using a passive device which is capable of generating large control forces is not always the best approach.
The results indicate that the semi-active control systems perform significantly better at reducing the rms structural responses than the passive systems. At all excitation levels, the three semiactive controllers are able to reduce not only the rms third floor relative displacements and interstory displacements, but also the maximum rms floor accelerations, well below those obtained with the passive systems. Controller B achieves the best performance of the three semi-active control designs, reducing the third floor displacement, maximum interstory displacement, and the maximum floor absolute acceleration, by 14.6%, 26.5%, and 23.6%, respectively, over the best passive case in the high amplitude tests, and by 17.8%, 30.0% and 8.0%, in the medium amplitude tests. Even at low amplitudes, a modest reduction in the structural responses is observed. Again, notice that the semi-active controllers achieve these performance levels while using significantly less force than the passive-on system
Conclusion
The efficacy of the MR damper in reducing the structural responses for a wide range of loading conditions has been demonstrated in a series of experiments conducted at the Structural Dynamics and Control/Earthquake Engineering Laboratory at the University of Notre Dame. In these experiments, the MR damper was used in conjunction with a clipped-optimal control algorithm to control the responses of a three story test structure. The clipped-optimal control algorithm is implementable in that it uses readily available measurements of the structural responses, primarily absolute accelerations, to perform the control calculations.
The MR damper was shown to effectively reduce both the peak and rms responses due to a broad class of seismic excitations. Three different clipped-optimal control designs were considered, and each of the control designs achieved excellent results. In all cases, the semi-active controllers performed significantly better than both of the passive systems considered in reducing the structural responses. Reductions in both acceleration and displacement responses were observed with the semi-actively controlled systems. Additionally, the semi-active control systems were able to achieve these performance gains while using smaller control forces than in the passive-on system. Moreover, the capabilities of the MR damper have been shown to mesh well with the requirements and constraints associated with the seismic response reduction in civil engineering structures.
Note that algorithms that explicitly incorporate actuator dynamics and control-structure interaction into the control design process may offer additional controlled performance gains [8] . Efforts are currently underway to investigate this possibility.
